NMR comparative study of the complexation of oxoions of V(V), Mo(VI), W(VI) and U(VI) with 01-hydroxycarboxylic acids
INTRODUCTION
W e have been e x p l o i t i n g the c a p a b i l i t i e s o f nuclear magnetic resonance spectroscopy i n a systematic study o f t h e complexes formed, i n aqueous s o l u t i o n , between a-hydroxycarboxylic acids (Table 1 ) and t h e oxoions o f vanadium(V), molybdenum(VI), tungsten(V1) and uranium(V1). 
C6H5 -CHDH -C02H CITRIC A C I D (C02H-CH2)2COH-C02H (D,L)-GLYCERIC A C I D CH20H-CHOH-CO2H (D)-GLUCARIC A C I D C02H-CHDH-CHOH-CHOH-CHOH-CO2H
Proton, carbon-13 and vanadium-51 NMR was used i n the f o l l o w i n g way:
a
) The number o f d i s t i n c t spectra g i v e s t h e number o f dominant complexes. b) The i n t e n s i t i e s o f the s i g n a l s enable t h e concentrations o f t h e various species t o be determined and, consequently: i ) pH, concentration and i o n i c s t r e n g t h e f f e c t s t o be characterized; i i ) s t o i c h i o m e t r i e s and formation constants t o be established. c ) The proton and carbon chemical s h i f t s o f t h e l i g a n d i n f o r m on t h e c o o r d i n a t i o n s i t e s . d ) The vanadium s h i f t s can i n d i c a t e the metal c o o r d i n a t i o n number.
e ) The a n a l y s i s o f the proton s i g n a l s t o y i e l d coupling constants provides i n f o r m a t i o n on t h e conformation o f t h e bound l i g a n d molecules. f ) The proton l i n e shapes enable, i n favourable cases, a study o f l i g a n d exchange k i n e t i c s .
I n t h i s paper we i l l u s t r a t e the a p p l i c a t i o n o f NMR, as o u t l i n e d above, i n t h e study o f t h e systems mentioned a t t h e beginning. W e s h a l l a l s o present a summary o f t h e main conclusions f o r a l l t h e systems s t u d i e d so f a r , w i t h special emphasis on t h e s t r u c t u r e s proposed f o r the main complexes i n s o l u t i o n .
RESULTS A N D DISCUSSION
NMR spectra, stoichiometries and formation constants Figure 1 shows a t y p i c a l vanadium-51 NMR spectrum. The example chosen i s t h a t o f t h e system amonium vanadate(V) + ( L ) -l a c t i c a c i d ( r e f . 1). Two s i g n a l s assigned t o two complexes, one l a r g e l y dominant, a r e i d e n t i f i e d . As an i l l u s t r a t i o n , Fig. 2 gives t h e 1% spectra f o r an equimolar s o l u t i o n o f uranyl n i t r a t e and c i t r i c a c i d a t various pH values ( r e f . 2). F i v e s e t s o f f o u r s i g n a l s are detected, corresponding t o f r e e l i g a n d and t o f o u r comp 1 exes . When t h e composition o f a complex i s unambiguously established, i n t e n s i t y measurements o f t h e p r o t o n spectra o f bound and f r e e l i g a n d l e a d t o an estimate o f t h e formation constant. Some values have been obtained i n t h i s manner (Table 3 ).
Proton and carbon NMR shifts on complexation and the coordination sites I n v a r i a b l y t h e s i g n a l due t o t h e carbon attached proton o f t h e -CHOH fragment (CH20H i n the case o f g l y c o l i c a c i d ) bonded t o a carboxyl group s h i f t s t o high fF$quency on complexation, from 0.3-0.8 ppm i n t h e vanadium (V) complexes t o 1-4 ppm i n t h e U02 complexes. Smaller o r much smaller s h i f t s a r e i n general observed f o r t h e o t h e r proton signals. This means t h a t OH groups a t o C02H groups are involved i n complexation, together w i t h t h e carboxyl group.
This conclusion i s supported by t h e carbon h i g h frequency s h i f t s o f t h e carboxyl group and o f t h e neighborin -CHOH-group ( o r CH20H i n the case o f g l y c o l i c a c i d ) . For example,
f o r t h e 1:2 tungstenqVI) + g l y c o l i c a c i d complex, which i s l a r g e l y dominant a t pH=5.0, t h e 13C02H signal l i e s a t 4.29 ppm t o h i g h frequency o f t h e corresponding signal o f t h e free l i g a n d a t t h e same pH, whereas t h e s h i f t o f 13CHOH i s 11.6 ppm a l s o t o h i g h frequency. S i m i l a r s h i f t s a r e recorded f o r t h e o t h e r comolexes. ( b ) s t r u c t u r e r a t i o (Fig. 4) G l y c o l i c a c i d 1 M a l i c a c i d i s a l s o found t o a c t as a t e r d e n t a t e l i g a n d i n a 2:2 complex w i t h uranyl, formed a t low pH, on t h e b a s i s o f t h e h i g h f r e uency carbon s h i f t o f both carboxyl groups (7.9 ppm ( a ) , 4.6 ppm ( 6 ) ) together w i t h -CHOH 712.6 ppm) ( r e f . 5).
As f o r t a r t a r i c a c i d ( a c t i v e o r meso), i t a c t s as a terminal b i d e n t a t e l i g a n d i n t h e 1:2 metal: l i g a n d complexes y j t h Mo(V1) and W(V1) ( r e f . 7 ) . I t has a t e r d e n t a t e f u n c t i o n i n the 2:2 complexes w i t h U02 ( r e f . 8 ) and i t i s a t e t r a d e n t a t e b r i d g e l i g a n d i n t h e 2:2 complexes w i t h Mo(V1) and W(V1) ( r e f . 7) and i n t h e 2 : l (presumably 4:2) complex w i t h V(V) ( r e f .
4). G l u c a r i c a c i d a l s o has a t e t r a d e n t a t e f u n c t i o n i n t h e 2 : l complex w i t h Mo(V1) ( r e f . 9 ) .

A p a r t i c u l a r s i t u a t i o n occurs w i t h the h i g h a c i d i t y 1:l complex o f vanadium(V) w i t h c i t r i c acid. Although o n l y t h e c e n t r a l carboxyl group and t h e neighboring OH group bound t o t h e metal, t h e carbon s i g n a l o f t h e terminal C02H groups i s almost n o t a f f e c t e d by pH increase up t o pH-5 which suggests t h a t they p a r t i c i p a t e i n hydrogen bonding w i t h t h e VOn c e n t e r ( r e f . 4).
The 2:2 complex o f uranyl -t c i t r a t e , l a r g e l y dominant a t pH-4, a l s o shows a special feature.
A t t h i s pH, d u p l i c a t e s i g n a l s a r e observed f o r t h e CH2 p r o t o n resonances (two AB q u a r t e t s ) and f o r t h e CH2 carbon and terminal C02H carbon resonances; i n a d d i t i o n , w h i l e one o f t h e CH2 and one o f t h e C02H carbon s i g n a l s are almost n o t a f f e c t e d by complexation, (0.33 and 0.02 ppm r e s p e c t i v e l y ) t h e others s h i f t s i g n i f i c a n t l y t o h i g h frequency (4.49 ppm and 7.54 ppm, r e s p e c t i v e l y f o r CH2 and C02H). This i s i n support o f t h e s t r u c t u r e
On i n c r e a s i n g pH, however, a l l t h e above d u p l i c a t e s i g n a l s merge i n t o s i n g l e peaks: one f o r t h e protons o f t h e two CH2 groups (1.10 ppm t o high frequency o f f r e e l i g a n d a t t h e same pH=6.5), one f o r t h e carbon n u c l e i o f both CH2 (2.88 ppm t o h i g h frequency o f f r e e l i g a n d ) and one f o r t h e two terminal C02H groups (3.17 ppm t o high frequency o f f r e e l i g a
n d ) . This i s a t t r i b u t e d t o a r e l a t i y q l y f a s t rearrangement o f t h e terminal C02H groups
by which they a l t e r n a t e i n bonding t o U02 , and which i s favoured by f u l l i o n i z a t i o n o f the carboxyl groups and o f t h e hydroxyl group.
Vanadium chemical shifts and the coordination of V(V)
5IV chemical s h i f t s i n vanadium complexes a r e s e n s i t i v e t o t h e c o o r d i n a t i o n number and t o
t h e n a t u r e o f t h e l i g a n d s ( r e f . 1 0 , l l ) . For v i c i n a l d i o l l i g a n d s and a-hydroxycarboxylic acids, 51V s i g n a l s a t %520 ppm t o low frequency r e l a t i v e t o e x t e r n a l t h e o c t a h e d r a l l y bound vanadium i s dominant a t any pH (a n:n complex). With c i t r i c acid, t h e two main complexes detected (molar r a t i o s 2 : l and 1 : l ) are probably a l s o octahedral species (6,,2543) .
VOCl3 have been a t t r i b u t e d t o t r i g o n a l -b i p y r a m i d a l s t r u c t u r e s , those a t %535 ppm t o octahedral species and those a t h i g h e r f i e l d s t o t e t r a h e d r a l vanadates ( r e f . 11). Thus
For ( D ) -t a r t a r i c a c i d as li and, ~3~2 -5 2 5 and a t r i g o n a l bipyramidal geometry around V i s proposed ( i n a 2 : l species) ? r e f . 4,12). As f o r (L)-malic acid, t h e 1:l complex dominant a t low pH i s taken as octahedral (Sv=534), whereas t h e 1:l species more abundant a t higher pH i s e i t h e r octahedral o r t e t r a h e d r a l ( 6 p 5 4 6 ) .
complex of Mo(V1) with (D)-glucaric acid, formed a t low pH, there i s a considerable decrease of J H C~C~H from 4.2 Hz t o 'LO Hz which corresponds t o the conformational change required for the bonding of each C02H group and adjacent OH group t o a molybdenum atom.
Conformational changes on complexation can also occur in order t o f a c i l i t a t e the establishement of intramolecular hydrogen bonding. W e have already referred t o intramolecular hydrogen bonding in the 1:l complex of V ( V ) with c i t r i c acid. Other examples are the 1:l complexes of Mo(V1) or W(V1) with malic acid ( r e f . 3).
Line shapes and exchange phenomena
A t l e a s t three kinds of exchange phenomena in the systems under study can be recognized: a ) ligand exchange between f r e e and bound s i t e s or between bound s i t e s ; b ) ligand rearrangement within the same complex; c) proton exchange in conjugate acid-base pairs. I t was also found t h a t kA i s a l i n e a r function of the concentration of f r e e ligand. This i s consistent with a dissociative mechanism of which the f i r s t step i s the rapid outer-sphere association of a ligand molecule ( L ) :
The carbon -13 spectra of Fig. 2 f o r UO? + c i t r i c acid show the simultaneous presence of an intramolecular rearrangement of the ligand and of a conjugate acid -base equilibrium.
The former i s observed in complex numbered 3; the l a t t e r involves t h i s complex and species numbered 5. The occurrence of d i s t i n c t close 13C signals due t o bound -C02H groups, t o the quartenary COH carbon atoms and t o the -CH2 groups of species 3 and 5 ( a t pH15.8) proves t h a t the overall proton exchange between them i s comparatively slow. Indeed, slower than the alternating binding of the dangling -CH2C02H branch t o the metal a t the same pH15.8 which we have already mentioned: the two well separate signals observed a t pH14 f o r the bound and unbound -CHz-C02H fragments coal lesce into averaged broad signals a t higher pH. A similar observation i s made on lowering pH t o about 2. From the carbon chemical s h i f t s f o r the individual signals -150 Hz f o r the carboxyl groups a t pH=4.08 and 50 Hz f o r the COH carbon atoms of species 3 a n d 5 -we estimate lower and upper l i m i t s f o r the rates of the two processes ( a t pH=5.8): k (intramolecular rearrangement) b 333s-I; k (intermolecular proton exchange) s 111s-1. A t pH=4.08, the intramolecular rearrangement i s slower than 333s-1; indeed slower t h a n 185s-1 so t h a t two 13CH2 signals a r e observed 84 Hz apart from each other.
Main complexes
Tables 2-4 summarize the main findings regarding the number of complexes detected, composition r a t i o s , formation constants (where available) and approximate pH regions f o r the dominant ones, proposed structures. When minor species e x i s t b u t have not been minimally studied, a + sign follows the number of main species in the tables. I t i s noted t h a t some of the complexes are conjugate acid-base pairs. The structures drawn schematically in Fig. 4 allow f o r the occurrence o f isomers. I n a few cases, the use of molecular models enable the elimination of some a l t e r n a t i v e s ( r e f . 7).
Structure characterization of complexes using NMR spectroscopy 
